Purpose: To determine potential associations between histologic features of pediatric nonalcoholic fatty liver disease (NAFLD) and estimated quantitative magnetic resonance diffusion-weighted imaging (DWI) parameters. Materials and Methods: This prospective, cross-sectional study was performed as part of the Magnetic Resonance Assessment Guiding NAFLD Evaluation and Treatment (MAGNET) ancillary study to the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN). Sixty-four children underwent a 3T DWI scan (b-values: 0, 100, and 500 s/mm 2 ) within 180 days of a clinical liver biopsy of the right hepatic lobe. Three parameters were estimated in the right hepatic lobe: apparent diffusion coefficient (ADC), diffusivity (D), and perfusion fraction (F); the first assuming exponential decay and the latter two assuming biexponential intravoxel incoherent motion. Grading and staging of liver histology were done using the NASH CRN scoring system. Associations between histologic scores and DWI-estimated parameters were tested using multivariate linear regression. 
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2 /s; and F: 17 (6.0-28)%. Multivariate analyses showed ADC and D decreased with steatosis and F decreased with fibrosis (P < 0.05). Associations between DWI-estimated parameters and other histologic features were not significant: ADC: fibrosis (P 5 0.12), lobular inflammation (P 5 0.20), portal inflammation (P 5 0.27), hepatocellular inflammation (P 5 0.29), NASH (P 5 0.30); D: fibrosis (P 5 0.34), lobular inflammation (P 5 0.84), portal inflammation (P 5 0.76), hepatocellular inflammation (P 5 0.38), NASH (P 5 0.81); F: steatosis (P 5 0.57), lobular inflammation (P 5 0.22), portal inflammation (P 5 0.42), hepatocellular inflammation (P 5 0.59), NASH (P 5 0.07). Conclusion: In children with NAFLD, steatosis and fibrosis have independent effects on DWI-estimated parameters ADC, D, and F. Further research is needed to determine the underlying mechanisms and clinical implications of these effects. N onalcoholic fatty liver disease (NAFLD) has emerged as the most common cause of chronic liver disease in children in the United States. 1 Currently, the clinical reference standard for evaluation of NAFLD and its progressive variant, nonalcoholic steatohepatitis (NASH), is histologic assessment. 2 However, histologic assessment requires biopsy, which is invasive and carries risks including pain and bleeding. 3 Therefore, quantitative noninvasive methods are desired for evaluation of NAFLD and NASH in children.-magnetic resonance imaging (MRI) diffusion-weighted imaging (DWI) is one promising noninvasive evaluative technique. DWI detects incoherent motion of water protons diffusing and perfusing through tissue. 4, 5 This motion depends on tissue microstructure and is affected by degree of cellularity, 6 volume of extracellular space, 7 and composition of cellular membranes. 8 Chronic pediatric liver diseases such as NAFLD can alter tissue microstructure, thereby affecting incoherent motion. 4, 5 DWI parameters are sensitive to incoherent motion and therefore may provide insight into microstructural alterations. Numerous studies have shown that DWI parameters are associated with fibrosis [9] [10] [11] [12] [13] [14] and inflammation 10, 12, 14 in viral hepatitis. More recent studies have shown significant associations between some histologic features of NAFLD (steatosis, [15] [16] [17] [18] [19] fibrosis, 15, 20 and inflammation 19 and quantitative DWI parameters in adults. The generalizability of these findings to pediatric NAFLD is unclear, however, because the dominant pattern of NASH in children differs from that in adults. 21 The pediatric pattern is characterized by portal inflammation and/or fibrosis without the ballooning degeneration and perisinusoidal fibrosis typical of adult NASH. 21 The microstructural differences between pediatric and adult patterns of NASH may affect associations of histologic features and DWI parameters. Additionally, MRI is more difficult to perform in children due to variability in breath-holding capacity, body habitus, and exam tolerability. 22 For these reasons the relationship between histology and DWI in children with NAFLD is uncertain. Therefore, this study evaluated associations between histologic features of NAFLD and estimated quantitative DWI parameters in children.
Materials and Methods

Design
This prospective, cross-sectional, observational, single-site study was performed as part of the Magnetic Resonance Assessment Guiding NAFLD Evaluation and Treatment (MAGNET) ancillary study to the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN). The study was approved by the Institutional Review Board and compliant with the Health Insurance Portability and Accountability Act. Sixty-four pediatric participants aged 8-17 years from the (University of California, San Diego) NASH CRN clinical center were enrolled. Pediatric subjects gave written assent with parental or guardian written informed consent. Inclusion criteria for this study included enrollment in the NASH CRN and willingness and ability to undergo research MRI within a 180-day window of clinical-care right-hepatic-lobe percutaneous biopsy. No pharmaceutical treatments were administered during this window.
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This window was chosen based on a previous study in adults with NAFLD who received no pharmaceutical treatment over this time frame in which no significant changes in liver histology were found. 24 As participants in the NASH CRN, all children had confirmed NAFLD with extensive clinical and laboratory phenotyping by NASH CRN investigators to exclude chronic alcohol consumption, exposure to hepatotoxic drugs, and other causes of chronic liver disease.
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Liver Biopsies and Histologic Grading
Liver biopsies were performed following clinical standard-of-care guidelines. 23 Tissue was fixed, embedded, and sectioned according to routine methods and hematoxylin and eosin (H&E) and Masson's trichrome-stained slides were prepared. Biopsies were reviewed at a multiheaded scope during a meeting of the pathologists of the NASH CRN pathology committee and a consensus histologic assessment determined for each of the following parameters (with corresponding ordinal scales): fibrosis stage (0-4), steatosis grade (0-3), lobular inflammation (0-3), portal inflammation (0-2), and hepatocellular ballooning (0-2). Each biopsy was given an overall diagnosis of definite steatohepatitis, possible/borderline steatohepatitis, or not steatohepatitis. For analysis, borderline cases were classified with definite steatohepatitis cases.
Image Acquisition
To limit possible postprandial effects, children were asked to fast for 4 hours. They were positioned feet-first with a torso phasedarray coil centered over the liver and a dielectric pad placed between the coil and the abdominal wall. Diffusion-weighted spinecho echo-planar imaging was performed during free breathing at 3T (Signa Excite scanner, GE Healthcare, Waukesha, WI) at three b-values: b 5 0, 100, and 500 s/mm 2 . Multiple single-excitation magnitude-only images were acquired for each b-value using 8, 16, and 32 repetitions, respectively. Images were acquired with spectral inversion at lipid (SPECIAL) fat suppression and water-selective excitation. Detailed sequence parameters are provided in Table 1a . Total imaging time was $2.8 minutes. Respiratory and cardiac gating was not performed to keep acquisition time reasonably short. Recent studies have suggested that DWI parameter estimation may be confounded by hepatic fat, 27 so a 2D multiecho, magnitude-based, spoiled gradient-recalled echo sequence was also obtained to estimate proton density fat fraction (PDFF), a biomarker for hepatic fat content 28, 29 (see Table 1b ).
Image Reconstruction
Image reconstruction was performed using a recently described method based on the Beta*LogNormal (BLN) distribution. 30 The BLN method reduces bias from bulk motion in liver DWI 30 by modeling it separately from variance, effectively weighting artifactfree images more heavily. Thus, it improves on conventional magnitude averaging, which assigns equal weight to all images regardless of the presence of motion-induced phase errors. Therefore, while conventional magnitude averaging corrects phase shift errors that occur between single excitations, the BLN method also addresses phase dispersion errors that occur within single excitations. 31 
Parametric Maps
Three quantitative parameters were calculated from reconstructed images: apparent diffusion coefficient (ADC), diffusivity (D), and perfusion fraction (F). ADC is a composite parameter reflecting incoherent molecular motion within tissue. A monoexponential model was used to calculate ADC as a least-squares fit over all three b-values. D and F were derived from the intravoxel incoherent motion (IVIM) model. 32 Under the IVIM model, motion is separated into two "compartments," each with its own separate diffusion coefficient: "true" diffusion (D); and "micro-circulatory" perfusion, also known as pseudodiffusion (D*). F represents the fraction of signal from the pseudodiffusion compartment. IVIM signal attenuation was modeled biexponentially:
where S b is signal intensity at a given b-value. Since reproducibility of D* is poor 33 we chose to derive only D and F. Based on the assumption that the D* component is negligible at b 5 100 mm 2 / s, 34 D and F were directly calculated from the following equations:
Thus, three DWI parameter maps were calculated (ADC, D, and F), the first using monoexponential and the latter two using biexponential models of signal intensity versus b-value, as described previously by Murphy et al. 15 Parameter maps of estimated PDFF were also generated. Briefly, signal intensity values from six consecutive nominally outof-phase and in-phase echoes were fit through a previously validated nonlinear fitting algorithm, which includes modeling for T 2 * decay, and spectral complexity of fat, to estimate PDFF. 35 This calculation was performed pixel-by-pixel for every slice of the acquisition.
Image Analysis
Parametric maps were transferred offline for further processing on one of our institution's work stations using open-source image processing and viewing software (Osirix; Osirix Foundation, Geneva, Switzerland). Regions-of-interest (ROIs) were placed on each slice of the reconstructed parametric map images, drawn to include the right lobe of the liver while avoiding kidney, gallbladder, major vessels and bile ducts, liver edges, and artifact. All ROIs were drawn by an image analyst with >2 years of experience (J.H., reader 1). These ROIs were automatically propagated to the corresponding anatomic regions of the ADC, D, and F parametric maps. For each map, the weighted mean value over the ROIs was calculated and recorded.
To assess interobserver reproducibility of image analysis, a subset was randomly selected for independent reevaluation (20% of patients). This image analysis was performed by a radiology resident with >2 years of research experience (P.M., reader 2) in an identical manner as described above.
Additionally, circular 1-cm radius ROIs were placed on PDFF maps in each of the nine Couinaud liver segments. PDFF over all nine segments was averaged and recorded for each subject.
PDFF Adjustment
Because chemical shift-based fat suppression techniques were used for the DWI sequence, $10% of lipid, corresponding to fat spectral peaks with chemical shift similar to water, may have remained unsuppressed. Lipid diffuses two orders of magnitude slower than water and can theoretically confound DWI parameter estimates. 27 To correct for this possibility, 10% of the T 2 -weighted PDFF (T 2 PDFF) was subtracted from the signal intensity at each b-value and IVIM parameters were recalculated using these corrected signal intensities. T 2 PDFF was derived from PDFF using the following equation:
where T 2 w 5 23 msec and T 2 f 5 62 msec, as described previously. 27 Using the T 2 PDFF, the adjusted signal intensity was calculated as follows:
After adjustment of signal intensities at each b-value, D and F were recalculated for each subject.
Statistical Analysis
Demographic characteristics were summarized descriptively. Associations between histologic features (steatosis, fibrosis, lobular inflammation, portal inflammation, and hepatocellular ballooning) and DWI parameters (ADC, D, and F) were examined using Spearman's rank correlation. The Wilcoxon signed-rank test was used to compare the presence or absence of NASH by DWI parameter. Multivariate linear regression was performed to assess the effect of each histologic feature on each DWI parameter. The regression models used were:
where P 5 DWI parameter (ADC, D, or, F), STE 5 steatosis score, FIB 5 fibrosis score, LINF 5 lobular inflammation score, PINF 5 To evaluate effects after adjustment for PDFF, paired t-tests were used to compare D and F parameters pre-and postadjustment. Correlations and multivariate analyses were repeated as described above to evaluate postadjustment correlations between histologic features and D and F parameters with significance level set to 0.05.
For the subset of reevaluated patients, interobserver reproducibility between reader 1 and reader 2 was assessed using the Bland-Altman method. Mean absolute differences, limits of agreement, and intraclass correlation coefficients (ICCs) were calculated. To determine whether any systematic bias between readers existed, a Wilcoxon signed-rank test was performed.
The R software package was used for all statistical analysis (R Core Team, 2014. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/).
Results
Population Characteristics
Sixty-four children aged 8-17 years at the time of biopsy were evaluated. Summaries of demographics, distribution of histologic features, and values for DWI parameters are provided in Table 2 . All but two children had steatosis (62/64, 97%). Over half had NASH (34/64, 53%), and four children (4/64, 6%) had advanced (stage 3-4) fibrosis, including one child (1/64, 2%) with cirrhosis.
Correlation of Histologic Features and DWI Parameters
Correlations between histologic features and DWI parameters showed the following significant relationships (P < 0.05): 1) ADC decreased with steatosis; 2) D decreased with steatosis; and 3) F decreased with fibrosis (Fig. 1) . After adjusting for multivariate effects, all the correlations remained significant (P < 0.05) ( Table 3 ). These associations are graphically depicted in Figs. 2 and 3 . No significant associations were found between portal inflammation, lobular inflammation, or hepatocellular ballooning and any DWI parameter by univariate or multivariate analyses.
Comparing children with NASH to those without NASH, no statistically significant difference was found for any DWI parameter using univariate or multivariate analyses.
PDFF Adjustment
After adjustment for PDFF, small but statistically significant changes were seen between preadjusted D and F and postadjusted D and F (P < 0.001) ( Table 4 ). All postadjustment . Note reduced signal intensity in the liver parenchyma for the F map in the subject with elevated fibrosis. In this example, signal intensity is also reduced in the ADC map, likely because ADC is a composite parameter which encompasses both diffusion and perfusion effects. In this extreme example of fibrosis, the change in perfusion likely affects ADC as well. values were slightly higher. However, the same associations between histologic features and D and F remained statistically significant before and after PDFF adjustment (Fig. 4 , Table 5 ).
Interobserver Reproducibility
Interobserver reproducibility of ADC, D, and F was excellent, with ICCs 0.984, 0.992, and 0.976, respectively. No systematic bias between readers was identified with P > 0.05 for ADC, D, and F (Fig. 5 , Table 6 ).
Discussion
Our results showed that in children with NAFLD, steatosis was associated with reduced D and ADC, and fibrosis was associated with reduced F. No significant association with any DWI parameter was found for lobular inflammation, portal inflammation, hepatocellular ballooning, or the presence/absence of NASH. The reduction of D with steatosis observed in this study is in keeping with prior studies in adults where it was also shown that D decreased with steatosis. [15] [16] [17] A plausible but speculative explanation is that fat droplets impede the movement of water, and thus the accumulation of fat droplets within hepatocytes restricts intracellular water motion. Alternatively, Hansmann et al 27 suggested that the reduction of D could be spurious and caused by unsuppressed lipid signal. While unsuppressed lipid signal may be contributory, it does not fully explain the reduction in D, since the relationship between steatosis and D remained significant after mathematically adjusting for PDFF in this pediatric study, and also in a prior study in adults. 15 The reduction of ADC with steatosis observed in this study has been observed inconsistently in prior research in adults and in animal models of NAFLD. One study in adults 18 and another in mice 19 found that ADC decreased with steatosis. Other studies in adults with NAFLD, however, demonstrated no significant relationship. 15, 16, 36 The inconsistent relationship reported between ADC and steatosis is not understood. One plausible explanation is that ADC is a composite parameter that incorporates the effects of both D and D* 32 ; since acquisition parameters determine whether ADC is weighted towards D or D*, 37 the selection of acquisition parameters may affect whether associations are observed. This explanation is not fully satisfactory, however, since no association was found between ADC and steatosis in a recent study of adult NAFLD where almost identical scan parameters were used. 15 Further research is needed to understand the relationship between ADC and steatosis. Our results parallel previous studies of NAFLD in rabbits 20 and adults, 15 where fibrosis correlated with F but not ADC in multivariate regression analyses. The correlation between fibrosis and F may reflect compression of hepatic sinusoids by deposition of collagen and other macromolecules in the perisinusoidal space. Fibrosis does not appear to affect true diffusion; therefore, depending on the degree to which the ADC is weighted toward D, associations between ADC and fibrosis may or may not be observed. Our results in NAFLD are discrepant from those previously reported in chronic hepatitis C infection, where ADC consistently was found to correlate inversely with fibrosis. [9] [10] [11] [12] [13] [14] Further research will be needed to determine whether this discrepancy is due to microstructural differences between NAFLD and chronic hepatitis C infection, differences in technique, or other factors.
No association between portal inflammation, lobular inflammation, hepatocellular ballooning, or NASH was observed for any DWI parameter. Thus, inflammatory changes associated with NAFLD in children may not restrict diffusion or reduce perfusion as assessed by current DWI technology. Our results are concordant with prior studies in which multivariate regression analyses were performed, including a study in adults with NAFLD, 15 and in a rabbit model of NAFLD. 20 In these studies, inflammation had no significant independent effects on DWI parameters. In contrast, several studies have reported significant univariate relationships between inflammation and ADC, including one one study in children with HCV infection, 13 and in a murine model of NAFLD. 19 Since multivariate regression analysis was not performed in those studies, the observed relationships may have reflected underlying fibrosis or factors other than inflammation.
For the subset of patients evaluated for interobserver reproducibility, our results showed excellent agreement. Previous studies have shown that imaging parameters and anatomic location largely influence reproducibility. [38] [39] [40] For this reason imaging in this study was performed with free breathing, using multiple excitations, with all measurements taken in the right hepatic lobe. Our results are in keeping with a prior study evaluating interobserver reproducibility of ADC performed with free breathing in the right hepatic lobe of healthy subjects. In that study, ICC was also found to be excellent. 38 However, to our knowledge intra-and interobserver reproducibility of IVIM parameters D and F has not yet been systematically evaluated in the liver of patients with NAFLD. Currently, a number of noninvasive tools are available for evaluation of hepatic steatosis (MR multiecho imaging / MR spectroscopy) and fibrosis (ultrasound and MR elastography). Hence, DWI in its current state is unlikely to detect and quantify steatosis and fibrosis in children more accurately than other imaging techniques. However, as shown in this study, DWI is sensitive to the microstructural environment of tissue. In future studies, quantitative DWI parameters could be used as biological probes to gain insight into the pathophysiology of NAFLD as well as its treatment.
This study has several limitations. First, images were acquired using only three b-values, prohibiting estimation of D*, but allowing mitigation of bulk motion artifact on ADC, D, and F. Given the low reproducibility of D*, 32 this parameter offers limited value. Therefore, we prioritized artifact mitigation by repeated acquisition of just three b-values in the available scan time. A previous study of IVIM parameter estimation in the liver suggested that using fewer b-values did not substantially degrade repeatability and reproducibility, 41 but the issues of reproducibility and repeatability were not formally evaluated in our present study.
Second, a single observer performed the majority of image analysis. Based on subset analyses of interobserver reproducibility, variability between observers for image analysis was minimal and no systematic bias was observed. Third, imaging was performed during free breathing without respiratory or cardiac gating. To mitigate potential bulk motion artifact, reconstruction was performed using the BLN method, which has been shown to reduce variance and bias from bulk motion in liver DWI.
Fourth, the study population was relatively small and only a small proportion of children had severe fibrosis (4/ 64 5 6%) or severe degrees of portal or lobular inflammation; additional associations may have been observed if the study included more children with advanced fibrosis or inflammation. However, as recruitment was prospective and consecutive, our study cohort was representative of the population of children with known or suspected NAFLD in whom a pediatric hepatologist may obtain a liver biopsy for clinical care. Thus, the cohort is an appropriate one in which to assess histological correlates of DWI parameters.
In conclusion, in children with NAFLD, steatosis was associated with a reduction in hepatic water diffusion, while fibrosis was associated with a reduction in hepatic perfusion. Further research is needed to understand the mechanisms underlying these associations and possibly to apply these DWI parameters to gain insight into the pathophysiology of NAFLD. 
